S.02 has been one of the experiments of the 2019 Fermilab Booster Studies. Its goal had been to evaluate the tune ripple on beam stability. A prerequisite is to measure the voltage ripple in both AC and DC mode. With a good knowledge of the Booster transmission line model one can determine how voltage ripple leads to tune modulation depth at the same ripple frequency.
INTRODUCTION

Introduction
The first chapter of this report discusses how the "Fermilab Booster Electric Model" is constructed with the single element, the cell definition and the model of all the Booster machine consisting of 48 cells.
In the next chapter the July transmission line modeling is presented between 1 Hz and 10 kHz. In August the measurement of the total chain of Fermilab Booster magnets have been done between 20 Hz and 2020 Hz both in open and closed mode.
In July during the 2019 Fermilab Booster Experiment the voltage ripple has been measured both in AC (machine pulsing) & DC mode (machine at constant current).
In Appendix A the SPICE control file is presented.
In Appendix B a short overview of the SPS transmission line is given followed by the SPICE control file that has been adapted from the Fermilab Booster to the SPS case. Fig. 2 shows how the 3 electric models are hooked up to build one cell of the Fermilab Booster. Please note that there is separately a huge capacity bank of 8341µF that is the crucial part of the resonant circuit of 15 Hz between the magnet and choke part. In Ref. [1] it has been shown how the capacity has to be set to achieve two resonance conditions at the same time. In Fig. 3 the connections of all 48 cells of the Fermilab Booster is depicted. It also shows the location of the four power stations. Of particular importance is the fact that each of the 48 chokes are connected with all other 47 chokes and at each end. To this end there is a secondary winding in each choke. This set-up has been implemented to minimize the unbalancing of each individual choke.
2019 Booster Transmission Line Modeling and Measuring
Using the SPICE control file (see Appendix A) the impedance of the full Fermilab Booster both for the closed and open circuits are depicted in the upper part of Fig. 4 . The smallest resonance frequency is seen at ∼9 Hz, the second at ∼15 Hz (closed circuit), the third at ∼85 Hz (both circuits) and so on. Please note also that at ∼3 kHz both curves coincide. Instead, the lower part of Fig. 4 shows the impedance with respect to the D & F magnets added up over all 48 cells. In other words, one considers only the current that actually flows through any of the D or F magnets, not the current that flows out of the power supply. Only the current flowing through the D and F magnets contributes to magnetic field in the aperture. Current flowing through the choke or capacitor do not directly contribute to field in the aperture but are a load on the power supply.
Together with the measured voltage ripple one can use this impedance to calculate the tune modulation depth [3] that could substantially limit beam stability.
There are two further sources of losses that are not contributing to magnetic field: a damping resistor, presently in a stage of study (see Fig. 5 ), or that part of the current that is lost in the vacuum chamber (the latter is quite relevant for the SPS due to large eddy currents but most likely not very significant for the Fermilab Booster with its thin vacuum chamber). On the other hand, we do find some more damping in the measurements (see below) and that might be due to the fact that structures with eddy current losses like vacuum chambers have not been considered. Including such a damping resistors of 50 Ohms in every cell leads to a damping over all the resonance regime of the transmission lines (see Fig. 6 ) above some 100 Hz. To this end please compare with the model results without damping resistor of Fig. 4 . It remains to be seen if an installation of the damping resistors is justified in view of a performance upgrade of the Fermilab Booster. -At ∼240 Hz and ∼650 Hz one finds outliers.
-The impedance of the Booster was measured with a small signal impedance analyzer, approximately 0.5 Vrms. Looking at the terminals without the analyzer present there was 20 mVrms, 80 mV peak to peak of 120 Hz and 180 Hz signal present. This background signal will cause issues with the measured impedance near these frequencies. Apparently for that reason, the expected peak at some 220 Hz (open circuit) is not found in the experiment. -The two outliers in the experiments (310 Hz/240 Hz and 610 Hz/650 Hz in closed and open mode respectively) are most likely due auxiliary equipment like pumps that are never switched off even when everything else is de-energized. -Apparently, the capacitance to ground needs to be adjusted for a better modeling of the open circuit. -In the measurements, one finds stronger damping. Extending the measurements of the D, F and Choke individual magnets to higher frequencies may help resolve this stronger damping.
Voltage Ripple Measurements
The voltage ripple measurement has been done in two ways: a direct measurement at the power supply station and using a probe. The latter method should ensure that external noise is diminished substantially. Fig. 8 shows the expected and very large resonance line at 15 Hz due to AC machine configuration. In both methods ( Fig. 8 part a) and part b), respectively) the ripple lines are "washed" out in three regimes: at lower frequencies up to about 400 Hz; around 720 Hz and 1440 Hz, the latter two expected from the 12 pole power supply convertors. For the AC mode the probe measurements shows the same noisy behaviour as does the direct measurement mode.
In the DC machine configuration one finds with the direct measurement unexpected lines at 540 Hz and 1260 Hz while the expected frequency lines at 720 Hz and 1440 Hz are hardly measurable (see part a) of Fig. 9 ). This has been the motivation to try out the probe measurement. Indeed, part b) of Fig. 9 shows that the fake lines at 540 Hz and 1260 Hz are reduced by a factor of 10, while the expected lines at 720 Hz and 1440 Hz are increased by a factor of 10. The probe measurement is most likely the trustworthy measurement. 
Conclusion
In the context of the 2019 Fermilab Booster experiments we had a look at the Booster transmission line measurements done many years ago. We also reviewed the modeling of the Booster magnet chain with the SPICE code. We concluded that we should remeasure the complete chain of magnets and in the relevant frequency regime of 1 − 10 4 Hz. Despite some unknown impedance contributions from cabling and special reference magnets the agreement with the modeling is remarkably good. The SPICE code allows to restrict the impedance calculation to the active part of the magnets that is seen by the beam. In this way the actual damping of potential power supply ripple lines can be determined.
Modeling has also been done including 50Ω damping resistors across every cell. A largely improved damping could be demonstrated.
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